Abstract-The Fringing Electric Field (FEF) element design consideration has been discussed in this paper. This type of sensor is planned to be used for the Non-Destructive Test (NDT) measurement of a moisture level in soil for irrigation system in the field and green house. The effect of soil type and its moisture level has been taken into account by preparing several types of soil moisture level in the lab by performing measurement and calculation as proposed by several papers. It has been shown that the FEF parameters such as the dielectric constant, numbers of finger for FEF design and the working frequency played an important role for FEF design considerations. The performance of the FEF element sensor had been compared with the commercial sensor for benchmarking.
I. INTRODUCTION
Fringing electric field (FEF) soil moisture sensor use printed circuit board (PCB) technology as the sensor platform and is fabricated on the selected PCB material. The electrical capacitance of sensor uses the soil as a dielectric which depends on the soil water content. The measurement is done at a fixed frequency. Soil consists of air, water and solids as shown in Fig. 1 . Volumetric water content (VWC) of soil is the ratio of the volume of water over the total value of soil. Volumetric water content, θ, is defined mathematically as: Hadi Purwanto is with the Faculty of Engineering, International Islamic University of Malaysia, Jalan Gombak, 53100 Kuala Lumpur, Malaysia (e-mail: hadi@iium.edu.my). θ = V W /V T (1) where V W is the volume of water and V T = V soil + V water + V air is the total volume. The operating principle of a fringing electric field (FEF) sensor can be understood in terms of the more conventional parallel plate capacitor (PPC), which is commonly used to measure dielectric properties of materials. Fig. 2 shows a gradual transition from the PPC to a fringing field capacitor. The electrodes of the fringing field capacitor are open up to provide one sided access to material under test (MUT). Therefore the sensor can be fabricated on PCB and it can access the soil from single side. Soil moisture would change the relative permittivity of the capacitor. Therefore, changes in VWC of the soil would change the capacitance of the sensor. The FEF sensor in this study is comprised of two set coplanar electrodes which are excitation electrode and sensing electrode. The electric fields originating from the driving electrodes will penetrate through the soil and then terminate on the sensing electrodes. The dielectric properties of the soil will alter the distribution of the electric field lines. The capacitance on the sense electrodes is then measured using precision LCR meter.
Because the electric field of the sensors is non-uniform, the measurement sensitivity becomes position-dependent. The signal strength of the sensor changes exponentially with its distance to the soil. Measurement also depends on the penetration depth of the field which is mainly affected by the geometry parameter used in the sensor design. The fringing electric field distributed beyond the penetration depth is weak. Therefore the sensor only measures the property of the adjacent soil. This work will discuss the effect of the numbers of FEF fingers and excitation frequency when designing the FEF elements for measuring soil moisture level.
II. RESEARCH SUMMARY
The capacitance value from FEF element can be calculated from the formula derived by the conformal mapping method produced by the Schwarz-Christoffel transform [1] , [2] . This mapping method shows the transition from parallel plate capacitor to fringing field capacitor as shown in Fig. 2 . From this mapping, the FEF capacitance value is consist of two external capacitance (Ce) and (N-2) internal capacitance (Ci) as shown in Fig. 3 below. Thus, the calculation will be: The capacitance also is calculated for FEF element that has more than one finite dielectric layer as shown in Fig. 4 below. Thus, the calculation Ci and Ce when more than one finite layer is taking into consideration will be: Ce = Ce (air) + Ce (1) + Ce (substrate) (3) and Ci = Ci (air) + Ci (1) + Ci (substrate) (4) These calculations method was derived from the Schwarz-Christoffel transform to FEF capacitance as discussed on [3] - [5] . To make this capacitance work, the drive electrode will be supplied with frequency. In this work, 100 kHz to 2 MHz will be supplied to the electrode. The behavior of both parameters will be studied in this work by using Cocopeat soil as the material under test (MUT).
III. MATERIAL AND METHOD
The two electrodes that perform as FEF element are design and printed on FR-4 type PCB material. The electrode pattern is design to achieve the optimum capacitance value with the given outlines. The parameter that is important for the FEF design is the pattern width (W), length (L), spacing (S), and the numbers of fingers (N) as shown in Fig. 5 . In this work, we prepared five types of FEF element which consists of 5 to 9 finger patterns. The signal pattern from SMA connector to electrodes are kept as 50 ohm as possible to maintain the signal integrity to avoid any loss or distortion [6] . Due to that, the PCB impedance is designed by controlling the PCB thickness, track width and adding GND plane underneath the track to keep 50 ohm impedance.
The preparation of soil with pre-define VWC is almost impossible without a proper preparation and procedure. Proper procedure will help to reduce the error in the prepared soil. There are three steps detailed below:
A. Calculate the Bulk Density of Dry Soil
To calculate the bulk density of dry soil, the soil need to be bake to ensure it is 100% dry and the weight (W) is measured. Then measure the area (A) of the container being use and measure the height (H) of soil in the container after it been compressed. With the (A) and (H) value, the volume (V) of dry soil is calculated. The bulk density (BD) of dry soil is then calculated as:
B. Preparing Wet Soil for VWC Test
The amount of water, V (Water) needed to prepare target VWC can be calculate as: (6) C. Actual VWC Measurement The actual VWC measurement is conducted and recorded by an external device to know the current VWC value of soil before it can be used.
The measurement setup is consist of five types FEF elements (5-9 finger FEF elements), five types MUT, LCR meter and two coaxial cable to supply excitation signal and read the capacitance. In this work, assumption has been made that the moisture of dry soil is an equal with the moisture on air. Thus, the measurement of each FEF elements for 0% VWC is by measuring the moisture content of the air. For 100% VWC, the FEF elements are tested by put it into the DI water and the prepared MUT was used to test FEF elements under 20%, 30% and 40% VWC. The FEF elements are inserted into five different area of soil with remain the same height. Then, the average value was plotted on the graph to show the relation of different VWC for each FEF samples.
IV. RESULT AND DISCUSSION
During the testing, changes in VWC would change the capacitance. These changes are recorded from 100 kHz to 2 MHz for each type of FEF elements that have a different numbers of FEF fingers design. Result for the experiment conducted is as shown in Fig.7-11 below.
Along the frequency range, the capacitance value of #5, #6, and #7 fingers FEF elements on air is almost linear and it is at the lowest capacitance level in the graph. The capacitance value for a 100% VWC MUT is the highest level. While the others moisture level, it is populated in between dry soil and 100% VWC except for #8 and #9 fingers FEF elements. At some frequency, the capacitance lines is very close to each other and the measurement of soil moisture will be difficult because there is no room for tolerance.
The calculation discussed in (1), (2) and (3) suggested that the capacitance value should increase from 0%, 20%, 30%, 40% VWC until archived it saturation point proportionally. From the result, this can be seen at 900 kHz frequency value for #5, #6 and #7 fingers FEF elements, but the tolerance is very small. In the other hand, the results for #8 and #9 fingers FEF element does not achieve that and some of it reading a negative capacitance value. This is related to the complex dielectric constant of soil mixture. In general, it is a function of: 1) frequency, temperature and salinity, 2) the total VWC, 3) the relative fractions of bound and free water (related to the soil surface area per unit volume), 4) the bulk soil density, 5) the shape of the soil particles, and 6) the shape of water inclusions [8] . The dielectric behaviors of soil are represented by:
where imaginary part ε'' is known as dielectric loss, ε''/ ε' = tan δ is the loss tangent, and δ the loss angle. The numbers of study carried out by Hoekstra and Delaney (1974), Wang and Schmugge (1980), Hallikainen et al. (1985) showed that soil texture have an effect on dielectric constant behavior over frequency. The study also showed that the dielectric constant is related to the behavior of water being added to the dry soil. This behavior was explained by the transition of bound water to free water of the dry soil when water is added into it. In a dry soil, absorbed cations are tightly held by negatively charged particle surfaces composed predominantly of clay. When water is slowly added into the system, salt precipitates go into the solution, and the adsorbed cations partially diffuse into the solution adjacent to the particle surfaces. In a low frequency, the ionic conductivity of saline water may effect on the loss factor ε''. Consequently, high soil salinity may significantly influence the dielectric properties of wet soils.
This may happened to the result of #8 and #9 fingers FEF element because when the numbers of fingers increase, the sensing area become larger. Due to the gravity effect, water content in each high of the MUT is not uniform. Thus, the soil might have higher salinity contain in the bottom side compared to the higher side. The high soil salinity may significantly influence the dielectric properties of wet soil that may results a negative capacitance value for the higher VWC as shown in Fig. 10 and Fig. 11 . Fig. 12 shows the relation between capacitance versus VWC for the best result in this study which is #6 fingers FEF element. At 900 kHz, the increase of capacitance value is proportional with the VWC value. This result shows two different slope gradients: 1) 0% to 6% VWC and 2) 6% to 100% VWC. The first slope is when the moisture in soil is in bond water stage and the other one is when in free water stage where the water content in soil is above the transition level WT. 
V. CONCLUSION
This study shows the relationship of the numbers of FEF element fingers and operating frequency at low frequency with regard to the VWC of soil. In this work, the suitable frequency to be used to excite FEF element is at 900 kHz and the element that is good for this application is #6 fingers FEF element. Results at Fig. 12 shows there is a small tolerance with the numbers of test on the same MUT. The soil moisture measurement will take the second slope as it shows the real water content in soil. 
